To study signaling pathways regulated by a. and ail in renal epithelial cells, we expressed mutant, activated forms of a.
Introduction
The heterotrimeric G proteins are a family of proteins that couple receptors on the outside of cells to effector systems such as enzymes or ion channels that alter the intracellular environment (1) (2) (3) (4) . Effectors can be regulated by G proteins at multiple levels including direct interaction and by second messengerdependent protein kinases. Despite considerable effort, the effector systems regulated by specific G proteins have not been defined fully in most cases for a number of reasons. Many ligands for G protein-coupled receptors such as catecholamines, acetylcholine, parathyroid hormone, and angiotensin II appear to activate multiple G proteins, so that the contribution of individual members of the G protein family to signaling pathways is difficult to determine. The individual components are difficult to study because they are expressed in a tissuespecific manner at low levels. Reconstitution studies demonstrate that an individual G protein may be capable of participating in interactions with a variety of receptors and effectors, but the specific makeup of a signaling pathway depends on its cellular context. Consequently, signaling pathways in cells such as renal epithelial cells, fibroblasts, and excitable cells are likely to be different.
Most evidence indicates that a subunits carry the specificity for receptor and effector interactions, although roles for fOy subunits in effector regulation are being defined (5) (6) (7) (8) . G proteins are classified according to their a chains and can be grouped into families according to their structures (9) . a., regulates adenylyl cyclase in all tissues studied, and in cardiac myocytes appears to regulate Ca channels through second messenger-dependent protein kinases and possibly a direct membranedelimited system (10, 11) . The mammalian G protein ai family includes ail -ai3, a., a,, and the transducins (9) . These proteins are all products of distinct genes, yet are highly homologous.
With the exception of the transducins that are expressed exclusively in the retina, knowledge of the function of individual members of this family is incomplete (1) (2) (3) (4) 12) . ail-ai3 and a, are pertussis toxin substrates and consequently are candidates for mediating processes that are guanine nucleotide-dependent and sensitive to inhibition by pertussis toxin. The processes potentially regulated by the pertussis toxin substrates include inhibition of hormone-stimulated adenylyl cyclases, stimulation of phospholipase C, regulation of phospholipase A2, and K, Ca, and Na channels ( 1-4, 10, 11) . Intracellular Ca can be regulated by a variety of G proteindependent and -independent mechanisms including release from intracellular stores [usually in response to phospholipase C activation and inositol triphosphate (1P3)' production], Ca influx across the plasma membrane through a variety of Ca channels, and active transport out of the cytosol by Ca-ATPases (13) (14) (15) . The Ca influx pathways in excitable tissues, neurons, and muscle cells are better defined structurally and pharmacologically than their counterparts in other tissues such as epitheHal cells.
To study the effects of ail and a. on regulation of the adenylyl cyclase(s) expressed in renal epithelial cells and intracellular Ca, along with possible interactions of these systems, we expressed mutant, GTPase-deficient forms of ail and a, in a renal epithelial cell line using a regulatable metallothionein promoter (16, 17) . This system allowed us to study the effects of each a chain individually and the effects of increased and decreased adenylyl cyclase activity. We (19) . Point mutations changing Q227 to L in a, and Q204 to L in ail were made using the Bio-Rad Laboratories (Richmond, CA) Phagemid Mutagene kit (20) . The cDNAs coding for the a chains were subcloned into PTzl9u (Bio-Rad Laboratories) using Hindifi sites for a, and EcoRI sites for ail. Plasmids containing the a chains were transformed into Escherichia coli CJ236, and single-stranded DNA containing uracil in place of thymidine was produced by infection of the bacteria with helper phage. The mutagenic oligonucleotides, bp 852-871 for a, (5 '-GTGGGCGGCCTTCGCGATGAA-3') and bp 818-839 for a,1 (5 '-CGTGGGAGGCCTTAGATCAGAGCG-3'), were annealed to their respective single-stranded templates and were incubated with dNTPs (0.4 mM), DNA polymerase, and T4 DNA ligase in buffer containing (mM) 23 Tris (pH 7.9), 5.0 MgCl2, 35 NaCl, 1.5 DTT, and 0.75 ATP for 5 min on ice, at 25°C for 5 min, and at 37'C for 90 min.
The reaction mix was then transformed into E. coli MV-1190, and colonies were selected on ampicillin plates. Double-stranded sequencing was performed on DNA purified from individual colonies, to document the presence of mutations (20 (17) . The a, antibody P960 was obtained from Suzanne Mumby (23) . The blots were washed five times in blotto and incubated with the secondary antibody, 1"I-labeled goat anti-rabbit IgG Fab (New England Nuclear, Boston, MA), washed five times in blotto, air dried, and exposed to film.
RNA blots. Total RNA was prepared from cells grown in 100-mm dishes by the guanidinium thiocyanate method followed by CsCl centrifugation. 10 ,ug of total RNA was size fractionated on 0.8% formaldehyde-agarose gels, transferred to a nylon membrane (Gene Screen; New England Nuclear), and probed (20) . Probes for the RNA blots were as follows: rat a,, the 1,389-bp HindH fragment that contains the entire coding region; for rat ail, the XbaI-EcoRI fragment that contains 600 bp of the 3' UTR; for rat glyceraldehyde-3-phosphate dehydrogenase, 1,380-bp PstI-PstI fragment that contains the entire coding region (18) ; and for c-fos, the full length rat cDNA (a gift of Dr. T. Curran) (19, 24, 25 1.0 mg/ml BSA and 2.0 mg/ml glucose] and resuspended and incubated in 2.0 ml of uptake medium containing 2.5 uM Fura-2-AM for 30 min at 35°C. The cells were washed again and resuspended in 2.0 ml of uptake medium. 50 /i1, or 106 cells, was diluted into 2.0 ml of uptake medium at 37°C with constant stirring for studies (29) .
Ca measurements were made in a LS-5B spectrometer or an SLM 8000C fluorimeter (Perkin-Elmer Cetus Instruments, Norwalk, CT) (29) . Excitation was at 340 nm and emission at 500 nm. At the end of studies, Ca measurements were calibrated by lysing the cells with digitonin (50 jsg/ml) and 2.0 mM Ca to obtain maximum fluorescence (Fman) and then adding 10 mM EDTA (above pH 8.15) to obtain minimum fluorescence (F,,,). Intracellular Ca was calculated according to the method of Tsien (30) .
PKA activity assay. PKA activity was measured as described by Clegg et al. (21) Statistical analysis. Experimental groups were compared by AN-OVA using the InStat biostatics program from GraphPad Software (San Diego, CA). Multiple comparisons among groups were made using the Student-Newman-Keuls test. P values < 0.05 were considered significant.
Results
Selection ofclones expressing mutant a chains. Clonal G-418-resistant cell lines transfected with aQ227L, aiIQ204L, and the vector without insert (Zem-228) were obtained by limiting dilution. Cell lines wtre screened for expression of aQ22m by RIA for cAMP and chosen on the basis of increased basal and a Cddependent increase in cAMP production. Eight potential clones expressing asQ227L were screened, seven of which were positive. Clones transfected with ailQ204L were screened for expression of the cDNA by RNA blot (see below). Six potential clones expressing ailQ204L were screened. Five of these clones were positive for ai1Q204L mRNA and inhibition of forskolin-stimulated cAMP production. The cell line with the best regulation of adenylyl cyclase activity by Cd in each group was selected for further study.
Expression ofmutant a chain cDNAs and protein. Fig. 1 A and B) . The (Fig. 2) .
Cd pretreatment of cells was not used in these studies because even in the absence of Cd, the cAMP production is maximally inhibited by ailQ204L and is measurably increased by a.Q227 (Fig. 2) .
In control (Neo) cells, bradykinin (10-8 M) inhibits forskolin-stimulated cAMP production by -50%, an effect that is blocked by pertussis toxin. Pertussis toxin alone has no effect on forskolin-stimulated cAMP production. Similar (35) . A bradykinin dose that produced a maximal effect (10-8 M) was chosen based on preliminary dose-response studies. Cells were studied in the absence of CdCl2 because the effects of both mutant a chains were present under these conditions, and possible complicating effects of Cd were avoided. Hormone-dependent Ca release from intracellular stores in response to bradykinin was studied in a 0 Ca medium to prevent Ca influx across the cell membrane. Ca influx was then measured by adding Ca (2.0 mM) to the medium. Mn-induced quench of intracellular Fura-2 fluorescence was used as a confirmatory measure of plasma membrane Ca permeability because it enters cells by the same pathway as Ca and reflects uptake by IP3-sensitive stores ( 15 ) . Expression of the mutant a chains had no significant effect on basal intracellular Ca or bradykinin-induced Ca release from intracellular stores (Fig. 3 A) by the intracellular Ca plateau and rate of quench of Fura-2 by Mn. Table I along with those for studies with isoproterenol and forskolin (Fig. 4) . The rate of Ca influx as reflected by the slope of the tracing after Mn addition is 0.44±0.07 that of control for the asQ227L-expressing cells, a significant reduction (P < 0.001), and 1.52±.036 for the ailQ204L-expressing compared to Neo, a significant increase (P < 0.001).
As expected on the basis of the Ca studies, expression of the a chains had no effect on IP3 production [measured with a cerebellar IP3 binding protein assay (29) ]. In Neo cells and cells expressing asQ227L and aiIQ204L, IP3 production (mean±SD) in the basal state was 2.62+0.287 X 10-9, 2.03±1.46 x 10-9, and 2.99±2.32 X 10-9 and rose to a maximum of 3.05±1.35 X 10-8, 2.9±1.38 x 10-8, and 3.12±1.12 X 10-8 at 20 s in the respective cell lines after stimulation with bradykinin. These differences among the basal and peak values are not statistically significant (ANOVA, P > 0.05). However, the differences between the peak and basal values were statistically significant (P < 0.01, ANOVA).
Ca influx is altered by the presence of mutant a chains only in the presence of bradykinin. Fig. 3 B shows typical tracings from experiments similar to those shown in Fig. 3 A, but without stimulation by bradykinin. In these studies the rate of Ca influx and plateau is similar in all cell lines and substantially less than that in cells treated with bradykinin. While the changes in Ca influx could be explained by a direct effect of the a chains on the Ca influx pathway, they could also be due to regulation of Ca influx by the adenylyl cyclase system. To address this issue, we repeated the studies shown in Fig. 3 A in the presence of two activators of the adenylyl cyclase system: isoproterenol, which requires 3 receptor-a5-adenylyl cyclase coupling, and forskolin, which acts directly on adenylyl cyclase. Control (Neo) cells and cells expressing asQ227L and ai1Q2O4L were pretreated with isoproterenol or forskolin in thc presence of IBMX 4 min before the addition of bradykinin (Fig. 4A, B , and C, respectively). These These studies were performed as described in Figs. 5, 6 , and 7. To simplify comparisons, the plateau levels of intracellular Ca are expressed as the fraction of the peak intracellular Ca above the baseline intracellular Ca (mean+SEM). * Values that are statistically different from untreated cells expressing the same a chain. ND, not done. * Values in untreated cells expressing the mutant a chains that are statistically different from the Neo control cells by ANOVA. cAMP-dependent protein kinase, KT-5720 (1 IM in DMSO for 5 min before Ca studies) and expressed a mutant type I regulatory subunit for PKA that results in cells that are deficient in PKA activity (21, 36) . Fig. 6 and Table II (data not shown). (13, (48) (49) (50) (51) (52) . A recent report shows that in endothelial cells cholera toxin reduces NO-stimulated cGMP production (53) . A consequence of this mechanism could be reduced Ca influx after bradykinin stimulation of endothelial cells. These studies suggest that the adenylyl cyclase system is not acting on intracellular Ca release or IP3 production but may be acting on the generators or targets of these other potential regulators of Ca influx or the influx channel. The Ca and cAMP signaling systems interact in a number of cell types, the cell type determining the nature of the interaction. In cardiac myocytes, the two systems converge at the Ca channel and act synergistically to increase the inotropic and chronotropic state of the myocardium (10, 11, 54) . In contrast, in the collecting duct of the kidney, the actions of vasopressin to stimulate water and Na transport through increases in cAMP are antagonized by substances such as PGE2, acetylcholine, and bradykinin, which stimulate IP3 production and raise intracellular Ca (55) . However, in the collecting duct, the antagonism does not appear to be at the level of Ca influx. In the present studies, the cAMP system modulates Ca influx in MCT cells after stimulation by agonists that stimulate PI turnover and intracellular Ca release.
Many receptor ligands including bradykinin, acetylcholine, and serotonin simultaneously stimulate [P3 production with intracellular Ca release and inhibit adenylyl cyclase. Interaction of the adenylyl cyclase and Ca signaling systems such as described in this report could modulate Ca-dependent signals in two ways. In the first, the rapid phospholipase C-dependent rise in intracellular Ca from intracellular stores and the sustained phase of intracellular Ca elevation after phospholipase C activation could be regulated independently. In the presence of bradykinin alone, phospholipase C would be activated and adenylyl cyclase would be inhibited, providing a maximal intracellular Ca signal. Substances that act through a, would reduce the prolonged intracellular Ca elevation without altering the initial portion of the signal. This scenario is supported by the results obtained with bradykinin-induced c-fos expression in MCT cells expressing asQ227L and ailQ204L-A second function of the interaction between these two signaling systems could be to modulate the strength of successive Ca-dependent signals. The rate of Ca influx correlates with Ca release from intracellular stores in most cell systems (13, 15 
